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Abstract: Rapid and easy-to-use platforms for antibody detection are 

likely to improve molecular diagnostics and immunotherapy 

monitoring. However, current technologies require multi-step, time-

consuming procedures that limit their applicability in these fields. 

Inspired by Nature, which often achieves regulation of reaction rates 

and binding affinity through nanoscale spatial confinement of 

biomolecules, here we demonstrate effective molarity-driven 

electrochemical DNA-based detection of target antibodies. We show 

a highly selective, signal-on DNA-based sensor that takes advantage 

of antibody-binding induced increase of local concentration to detect 

clinically relevant antibodies in blood serum. The sensing platform is 

modular, rapid, and versatile and allows the multiplex detection of 

both IgG and IgE antibodies. We also demonstrate the possible use 

of this strategy for the monitoring of therapeutic monoclonal 

antibodies in body fluids. Our approach highlights the potential of 

harnessing effective molarity for the design of electrochemical 

sensing strategies.  

Introduction 

The production of low-cost, easy-to-use platforms for the 

monitoring of clinically relevant antibody level would dramatically 

impact many fields of application ranging from molecular 

diagnostics,[1] infectious disease control[2] and therapeutic drug 

monitoring.[3] The development of point-of-care testing method 

could allow more frequent diagnostic screening, especially in low 

in-come countries, and shortens the delay between sample 

acquisition, diagnosis and therapeutic decisions in clinical 

settings.[4] To achieve these objectives, the quantitative detection 

of antibodies has to be rapid, single-step and deployed directly in 

complex matrices. To date, conventional serological methods (i.e. 

ELISA or Western blot assays) can be easily performed without 

complicated sample pre-treatment, yet they require multi-step, 

time consuming procedures and sophisticated instrumentations 

that limit their use in routine clinic diagnostics.[5] Additionally, most 

of the available sensing methods for antibody detection generally 

fails when deployed directly in complex clinical samples. In blood 

serum/plasma, for example, nonspecific absorption onto the 

sensor surface can dramatically affect label-free methodologies 

that rely on the mass and refractive index monitoring (e.g. 

microcantilever, SPR).[6] Label-free electrochemical sensors 

instead show poor selectivity in complex matrices.[7,8] Similarly, 

field effect transistor sensors generally show a significant 

decrease of the sensitivity and detection limit in biological 

environments, due to the high ionic strength of the media, and 

only one example recently reported a FET system for the 

detection of antibodies operating under physiological conditions.[9] 

Over the past decade, a number of DNA-based platforms 

showing single-step detection of antibodies have been 

reported.[10–19] Among them, electrochemical DNA sensors (E-

DNA) hold great promise[20–23] because they are multiplexable, 

calibration-free systems[24] that require low-cost signal 

transduction equipment. Although E-DNA sensors stands out for 

wide developments towards point-of-care diagnostics of small 

molecules,[25–28] nucleic acids[29,30] and proteins,[27,31–33] the 

electrochemical detection of clinically-relevant antibodies is 

limited to few examples.[34] In this regard, pioneering works of 

Plaxco and co-workers have demonstrated the possibility to 

detect antibodies in complex matrices using a rigid double 

stranded nucleic acid scaffold[35] labelled with methylene blue 

redox reporter and an antibody-binding recognition element.[36–39] 

One of the main limitation of this approach is represented by a 

significant nonspecific signal drift when employed in whole blood, 

a problem that restricts their transition as POC diagnostic 

sensors.[39] Similarly, Vallée-Bélisle et al. employed antibodies as 

steric hindrance effectors that alter the binding efficiency and 

hybridization kinetic of the redox-active signalling strand to a DNA 

capture probe bound on the electrode.[40–42] Unfortunately, each 

of those platforms operate in a signal-off fashion, limiting the gain 

of the sensor[43] and also making the platform prone to false 

positive response due to the degradation of scaffold probe.[44] 

Although many efforts have been devoted to improve the signal 

gain of E-DNA platforms, for instance by optimizing the frequency 

and amplitude of the square-wave potential ramp[45] and the redox 

moiety employed,[46] the rational design of mechanisms capable 

of bringing the redox element close to the electrode upon target 

binding is ideally suited to high-gain E-AB signalling. In this 

regard, an electrochemical switch-based DNA sensor have been 

engineered to detect antibodies in whole blood.[47] Such an 

approach, however, would not be easily generalizable because it 
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requires a careful thermodynamic optimization of the switch and 

can strongly be affected by the size of the antigen.  

 

Figure 1. Principle of the electrochemical DNA-based sensing platform that 

employs effective molarity to detect antibodies. (a) We designed the capture 

and the output strand in a way that their intermolecular interactions are weak 

and relative binding affinity is poor. (b) The co-localization of the antigen-

labelled capture and output strands on the same target antibody generates an 

improvement of the observed binding affinity, and brings the redox-active tag 

near the gold surface thus generating an increase in the current signal.  

 

Recently, we have proposed a nucleic acid-based platform for 

antibody and small molecule detection that couples the 

advantageous features of structure-switching nucleic acid probes 

with those of target induced co-localization based methods.[48,49] 

Although this approach allows the rapid, signal-on detection of 

antibodies, the fluorescence output makes the platform hardly 

multiplexable due the limited number of FRET pairs suitable in 

real matrices. Moreover, the miniaturization of the fluorescence 

device and its use in off-laboratory settings could prove 

challenging.  

We propose here a signal-on, highly selective 

electrochemical sensor that takes advantage of effective molarity 

of biomolecules when confined together at the nanoscale. The 

concept of effective molarity is pervasive in cell biology and 

enzymology. Co-localization and compartmentalization of 

macromolecules increase effective molarity in biochemical 

processes such as transcription and translation, thus enhancing 

the speed of enzymatic reactions by several thousand-fold.[50,51] 

Also protein-protein interactions and related biological functions 

are generally enhanced through the introduction of a physical 

connection (i.e. linker) between the partners,[52,53] as an enzyme 

to its substrate or weakly interacting proteins to each other.[54] This 

is due to the fact that the change from inter- to intramolecular 

interactions generally results on an increase of the encounter 

rates and binding affinity (Figure 1a).[55] Inspired by this naturally-

occurring mechanism, here we employ antibodies to drive the co-

localization of two antigen-labelled nucleic acid strands. 

Specifically, we demonstrate that the co-localization of a DNA-

based capture strand anchored on the electrode with a redox-

labelled DNA strand (output strand) free in solution on the same 

target antibody provides a means to increase their local effective 

molarity and relative binding affinity (Figure 1b, green line). This 

brings the redox label (methylene blue) close to the electrode 

surface, producing a significant increase of the electrochemical 

signal upon binding of the specific target antibody.  

 

Results and Discussion 

To evaluate co-localization effect on the binding affinity 

between the capture and the output strand, we first studied the 

mechanism using a nucleic acid strand that mimics the action of 

the target antibody (Figure 2a and S1). Since the antibody-

mimicking strand presents two terminal portions that are 

complementary with both the capture and the output strands, it is 

able to bring them into close proximity and improve their relative 

binding affinity. Specifically, the Ab-mimicking strand is designed 

with two terminal 17-base long portions (orange portions, Figure 

2a, left) complementary with the capture and the output strand 

(blue portion) respectively, joined by a 14-base long poly-(T) linker 

in the middle (green fragment) to ensure the conformational 

freedom that ultimately affects the proximity effect.[56] The capture 

strand is immobilized on the surface of gold screen printed 

electrode (SPE) via sulphur-gold chemistry, and also presents a 

5’-terminal portion complementary with the 3’-end of the output 

strand (black portions). The output strand is a redox-active DNA 

strand labelled with a methylene blue tag at the 3’-end. Capture 

and output strands are designed with complementary portions so 

that in the absence of the Ab-mimicking strand their binding 

affinity is poor (K1/2 = 97 ± 4 nM). As expected, in the presence of 

Ab-mimicking strand (100 nM), the binding curve performed by 

adding increasing concentrations of the output strand showed 

improved relative affinity between the two strands (Figure 2b, red 

line K1/2 = 18 ± 2 nM).  

Figure 2. Design of the effective molarity-driven electrochemical DNA-based 

platform. (a) In the presence of an antibody-mimicking strand (100 nM) we 

observed an increase in the observed binding affinity (red curve) between the 

capture and the output strands. (b) Modular platform for anti-DNP antibody 

detection. We selected 2,3-dinitrophenol (DNP) as the antigen and conjugated 

it to a scaffold strand (orange line) fully complementary with a portion of both 

the capture and the output strands (blue portion). We tested DNP-output 

modules having different length of the complementary domain (from 6 bp to 12 

bp). The experimental values represent averages of three separate 

measurements and the error bars reflect the standard deviations. For further 

experimental detail see SI. 

 

As initial proof-of-principle of the method for antibody detection, 

we selected the small molecule 2,3-dinitrophenol (DNP) as 

antibody-binding recognition element (i.e. antigen) and anti-DNP 

IgE antibody as the counterpart target (Figure 2b). To make the 

platform more versatile, we tested a modular design that employs 

a third 24-base long nucleic acid strand (scaffold strand), 

terminally modified with the recognition element (DNP). The DNP-

scaffold strand (orange strand in Figure 2b) is fully 

complementary with both the capture and output strand (blue 
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portions in Figure 2b) described above. This design allows the 

detection of a number of antibodies by only changing the 

recognition element conjugated to the scaffold strand. To achieve 

optimal sensitivity, we tested a set of DNP-output modules (output 

strand + DNP-scaffold strand, Figure 2b) with different lengths of 

the complementary domain (black portion, from 6 nt to 12 nt). 

First, we performed binding curves by adding increasing 

concentrations of DNP-output module (output strand + DNP-

scaffold strand) in the presence of DNP-capture module (capture 

strand + DNP-scaffold strand) anchored to the gold electrode. As 

expected, we observed different binding affinities according with 

the number of complementary nucleotides (Figure S2).  
 

 
Figure 3. (a) Signal gain as function of anti-DNP antibody concentrations in 

serum sample. (b) Peak current of SWV measurements (each 30s) shows that 

anti-DNP antibody detection (100 nM) is rapid, reaching plateau of the current 

in less than 10 min. (c) Specificity assays in the presence of a-specific 

antibodies in serum samples. Control tests performed by adding anti-DNP 

antibodies in the absence of the output strand (#1), DNP-scaffold strand (#2), 

and the combination of the two (#3). All experiments were performed in 20% 

blood serum at 25°C. The experimental values represent averages of three 

separate measurements and the error bars reflect the standard deviations. 

 

Second, we tested the antibody sensor by adding increasing 

concentrations of anti-DNP antibody in 100 µL solution containing 

a fixed amount of the DNP-output module (10 nM) (Figure 2b, 

right and S3). We found that the length of the duplex forming 

portion leading to the optimal sensitivity for antibody detection is 

10 bases (K1/2, 10 bp = 3.5 ± 0.8 nM), which has been thus selected 

for the successive experiments. As expected, for DNP-output 

modules forming shorter nucleic acid duplex (6 bp and 8 bp), the 

titration midpoint was reached at higher anti-DNP antibody 

concentrations (K1/2, 6mer = n.d.; K1/2, 8mer = 26 ± 6 nM). On the 

contrary, the 12 bp-long forming duplex shows similar binding 

affinity (K1/2 12bp = 1.4 ± 0.4 nM) but lower signal gain. This is due 

to the fact that we have a significant fraction of DNP-output 

module already bound to the DNP-capture module in the absence 

of the antibody, and this generates higher current background and 

consequent small current changes. In our opinion, this is coherent 

with the fact that by increasing the length of complementary 

duplex forming portion we increase the amount of pre-assembled 

scaffold/output module complex in the absence of target antibody 

and this results in a signal off current output according to the 

collisional signalling mechanism in E-DNA platforms.[57] To further 

optimize the sensing platform, we tested different concentrations 

of the DNP-output module (Figure S4) and selected a 

concentration of 10 nM for next experiments. Then, we 

investigated the co-localization mechanism testing different 

density of DNP-capture module on gold SPE. We functionalized 

several electrodes with different capture module density and 

observed that the platform only performs properly when 

employing a low density (Figure S5 and S6).[58,59]  

As expected, moderately packed layer of capture module[40] 

(estimated average distance d = 12 nm; see table Fig. S6) 

resulted in lower signal gains because the probability to have a 

target antibody binding to two DNP-capture modules dramatically 

increases. This is due to the IgG and IgE antibodies have two 

identical binding sites separated by approximately 10-12 nm.[60] 

This package density can thus lead to cooperative binding events 

of target antibody to two capture modules and this event does not 

provide any change of the output signal. Conversely, low capture 

module density (d = 28 nm; Fig. S6) results in the optimal 

transduction mechanism, still maintaining an adequate number of 

surface-bound capture module necessary to achieve low 

detection limits.[61] Ultra-low density does not guarantee an 

adequate number of DNP-capture module and generates low 

current signal. Finally, we also investigated the effect of ionic 

strength and we found optimal analytical performance at high 

ionic strength (Figure S7). Under such optimal experimental 

conditions, we tested the sensor in complex matrices, as blood 

serum samples (Figure 3, S8 and S9). The anti-DNP antibody 

sensing platform produces a rapid increase in the signal gain (~ + 

110 %) within 10 minutes in the presence of saturating 

concentrations of anti-DNP antibody (100 nM, Figure 3b) and 

sensitivity in the nanomolar range (K1/2 = 3.1 ± 0.7 nM, LOD = 1 

nM; Figure 3a). As expected, the platform is also highly specific 

due to the double recognition event necessary to produce a 

variation of the signal output (Figure 3c, left). Control experiments 

performed by adding saturating concentration of anti-DNP 

antibody in the absence of i) the output strand (#1), ii) DNP-

scaffold strand (#2), and iii) the combination of the two (#3) 

confirm that significant electrochemical signal change is achieved 

only when all the three strands are present in the same solution 

(Figure 3c, right). About the stability of the sensor, E-DNA 

platforms based on thiol-gold chemistry are stable (> 1 month, T 

= 4°C) and suited for use in electronic sensing applications.[62–64] 

In addition, we performed polyacrylamide gel electrophoresis 

assay on the DNA-based output modules to confirm their stability 

when employed in blood serum (Fig. S10). 

 
Figure 4. Orthogonal multiplex antibody detection controlled by effective 

molarity. Schematics of four electrodes modified with the cognate antigen-

labelled scaffold strand for the simultaneous multiplex detection of anti-DIG, 

anti-HIV-1 p17, Trastuzumab and anti-DNP antibodies (top). Raw SWV profiles 

demonstrate that the current output increases only in the presence of the 

specific target antibody (middle). Relative signal gain obtained by adding each 

antibody in different combinations (bottom). All experiments were performed 

adding 100 nM of target antibodies in 20% blood serum at 25°C. The 

experimental values represent averages of three separate measurements and 

the error bars reflect the standard deviations. 

 

To demonstrate the versatility of the strategy, we have 

adapted the platform for the simultaneous detection of different 
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antibodies in blood serum. We have selected a set of different 

recognition elements ranging from small molecules (i.e., 

digoxigenin, DIG)[65,66] and peptides (HIV-1-p17epitope, i.e. 

p17;[67,68] Trastuzumab-binding mimotope peptide, i.e. H98),[69,70] 

and conjugated to PNA- or DNA-based scaffold strand. Of note, 

hybrid DNA-PNA duplex is not sensitive to nuclease activity due 

to the unnatural backbone of PNA that cannot be degraded by 

nucleases or proteases.[71,72] With this new set of antigen-labelled 

scaffold strands we were able to measure anti-DIG, anti-HIV-1 

p17 and Her2-receptor targeting (Trastuzumab) antibodies 

respectively (Figure 4 and S11), reaching sensitivity (K1/2_Anti-DIG = 

3 ± 1 nM, LOD = 1 nM; K1/2_Anti-HIV p17 = 4 ± 1 nM, LOD = 2 nM; 

K1/2_Trastuzomab = 9 ± 2 nM; LOD = 3 nM) and specificity similar to 

those observed for the anti-DNP antibody.  

Specifically, we demonstrated orthogonal multiplex 

detection of four different target antibodies by carrying out 

measurements in blood serum samples using an array of SPEs. 

Each gold working electrode was modified with the specific 

antigen-labelled scaffold strand. By adding increasing 

concentration of anti-Dig antibodies, only the electrochemical 

current of the corresponding electrode increases (+ 95%). 

Similarly, testing anti-HIV-1 antibody and Trastuzumab spiked 

solution, the electrochemical signal increase is achieved only in 

the presence of the specific antibody on the corresponding 

electrode modified with the appropriate cognate scaffold strand. 

This clearly indicates that the sensing strategy is flexible and 

supports the electrochemical detection of all target antibodies 

(IgG and IgE) presenting antigens whose direct conjugation to a 

nucleic acid strand is allowed. Of note, we highlight that 

Trastuzumab (Herceptin®) is a monoclonal antibody (mAb) drug 

used for breast cancer treatment and for tumours overexpressing 

HER2/neu protein. Generally, such antibody is infused and the 

concentration kept in the concentration range between 35 μg/mL 

(240 nM) and 123 μg/mL (845 nM) for an established period of 

time, according with the specific treatment. It has been 

demonstrated that Herceptin levels must be maintained above 20 

μg/mL (137 nM) in blood serum to achieve optimal therapeutic 

efficacy.[73] The long half-life of antibodies in body fluids combined 

to the analytical features (i.e. LOD and linear range) of our 

platform makes our approach suitable for the selective monitoring 

of Trastuzumab in clinical samples of cancer-affected patients. 

Conclusion 

Inspired by enzyme-substrate interactions whose reaction 

rate and affinity can be governed by effective molarity, we have 

designed a highly versatile, electrochemical sensor that employs 

effective molarity to achieve rapid, signal-on detection of clinically 

relevant antibodies in blood serum. We designed antigen-labelled 

DNA modules in a way that the bivalent binding to the specific 

target antibody induces the confinement of the output module free 

in solution close to the scaffold module anchored on the electrode 

surface. The antibody binding event thus increases the effective 

molarity which ultimately triggers nucleic acid hybridization at the 

interface. This mechanism results on an increase of the 

electrochemical current, as function of the antibody binding, which 

allows its detection. We also demonstrated the possibility to 

monitor levels of Trastuzumab in blood serum within its 

therapeutic window. Since rapid monitoring and consequent 

personalized dosage of Trastuzumab would potentially increase 

immunotherapy effectiveness, we consider our platform 

promising for therapeutic drug monitoring in routine clinical 

practise.  

In conclusion, it is noteworthy that our single-step direct 

sensing methods do not rely on any amplification step and so it 

cannot reach the sensitivity of standard serological clinical 

methods (e.g. ELISA, Western Blot methods). However, our 

platform appears promising for clinical and therapeutic 

applications because produces a rapid response (10 minutes), 

without multistep, wash- and reagent-intensive processes. 

Moreover, it is highly versatile and can be easily adapted to 

different antibodies by simply changing the PNA-peptide chimera 

probe. We also demonstrated the possibility of multiplexing using 

a simple array of screen printed electrodes. Standard ELISA 

technology instead is more complex and multiplex detection is not 

allowed (or at least would require a very complex optimization of 

the system). In addition, from a quick analysis the cost of our 

platform are much lower than the cost of ELISA for the same 

antibody target (i.e. Trastuzumab). This is due to the fact that 

ELISA is not only reagent-intensive but also requires full-time well 

trained technician. Our platform does not require specialized 

technicians and experiments are performed using a low-cost, 

portable potentiostat. To conclude, these advantages make our 

transduction mechanism suitable for adaptation in point-of-care 

diagnostics and large-scale high-throughput analysis. More 

generally, we believe that the design of effective-molarity driven 

increase of local concentration at the interface with an electrode 

could represent a valid approach to improve the sensitivity of a 

number of electrochemical biosensors.  
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